Organic aerosol (OA) particles are recognized as key factors influencing air quality and climate 18 change. However, highly-time resolved long-term characterizations of their composition and 19 sources in ambient air are still very limited due to challenging continuous observations. Here, 20 we present an analysis of long-term variability of submicron OA using the combination of 21 Aerosol Chemical Speciation Monitor (ACSM) and multi-wavelength aethalometer from 22 42 anthropogenic carbonaceous aerosols (BBOA and HOA, along with the fossil fuel and biomass 43 burning black carbon components), and no statistically significant trend for LO-OOA over the 44 6 + -year investigated period. 45 46 103 Petit et al., 2015). Furthermore, time-limited (typically, 1-2 months) measurement campaigns 104 demonstrated that primary fine aerosols are mainly influenced there by traffic emissions all 105 over the year and residential wood burning during cold seasons, while secondary aerosols 106 originate from both local production and regional transports (Sciare et al., 2011; Crippa et al., 107 5
November 2011 to March 2018 at a peri-urban background site of the Paris region (France). 23 Source apportionment of OA was achieved via partially constrained positive matrix 24 factorization (PMF) using the multilinear engine (ME-2). Two primary OA (POA) and two 25 oxygenated OA (OOA) factors were identified and quantified over the entire studied period. 26 POA factors were designated as hydrocarbon-like OA (HOA) and biomass burning OA (BBOA). 27 The latter factor presented a significant seasonality with higher concentrations in winter with 28 significant monthly contributions to OA (18-33%) due to enhanced residential wood burning 29 emissions. HOA mainly originated from traffic emissions but was also influenced by biomass 30 burning in cold periods. OOA factors were distinguished between their less-and more- 31 oxidized fractions (LO-OOA and MO-OOA, respectively). These factors presented distinct 32 seasonal patterns, associated with different atmospheric formation pathways. A pronounced 33 increase of LO-OOA concentrations and contributions (50-66%) was observed in summer, 34 which may be mainly explained by secondary OA (SOA) formation processes involving biogenic 35 gaseous precursors. Conversely high concentrations and OA contributions (32-62%) of MO- 36 OOA during winter and spring seasons were partly associated with anthropogenic emissions 37 and/or long-range transport from northeastern Europe. The contribution of the different OA 38 factors as a function of OA mass loading highlighted the dominant roles of POA during 39 pollution episodes in fall and winter, and of SOA for highest springtime and summertime OA 40 concentrations. Finally, long-term trend analyses indicated a decreasing feature (of about -41 175 ng m -3 yr -1 ) for MO-OOA, very limited or insignificant decreasing trends for primary 1 Introduction 47 Organic aerosol (OA) particles account for a large mass fraction of submicron aerosol (PM1) in 48 the atmosphere (Zhang et al., 2007) and play a key role in regional air pollution and climate 49 (Boucher et al., 2013) . Primary OA (POA) originates from direct emissions of primary sources 50 (e.g., fossil-fuel and biomass combustion). Secondary OA (SOA) is formed from atmospheric 51 oxidation processes of gas precursors, i.e., volatile organic compounds (VOCs) (Kroll and 52 Seinfeld, 2008; Hallquist et al., 2009; Nozière et al., 2015) . Some typical SOA formation 53 processes in the atmosphere, such as photochemistry (Xu et al., 2017) , aqueous-phase 54 oxidation (Gilardoni et al., 2016) , and heterogeneous reaction (Xu et al., 2015) , are observed. 55 Due to their multiplicity and complexity, these various sources and physicochemical 56 mechanisms remain poorly documented and understood. 57 Although numerous time-limited field campaigns allowed to greatly improve our 58 knowledge of OA properties in the last decade (e.g., Jimenez resolution and source apportionment of OA are nevertheless necessary to better quantify the 64 contribution of airborne OA particles to air quality and to set-up scientifically-sound emission 65 control strategies. They can also contribute to a better understanding of the atmospheric fate 66 of OA and reduce uncertainties associated with its (in)direct radiative forcing. 67 Online aerosol characterization techniques, such as aerosol mass spectrometry (AMS), 68 have demonstrated their capacity to improve our knowledge of key aerosol chemical 69 componentssuch as OA -by providing highly time-resolved mass spectral data for the 70 nonrefractory PM1 fraction (NR-PM1) (Jayne et al., 2000; Canagaratna et al., 2007) . Using 71 receptor model approaches, especially positive matrix factorization (PMF) (Paatero and 72 Tapper, 1994), OA measured by AMS techniques can be further portioned into various source 73 factors using statistic models (Ulbrich et al., 2009; Zhang et al., 2011) . For example, 74 hydrocarbon-like OA (HOA) is frequently identified within urban environments and attributed 75 to primary emissions from fuel consumption (Zhang et al., 2007; Jimenez et al., 2009 ), while 76 biomass burning OA (BBOA) is often resolved specifically during cold seasons or within wild 77 fire plumes Lanz et al., 2010; Zhou et al., 2017) . Oxygenated OA (OOA), 78 commonly considered as a surrogate for SOA, is ubiquitously observed in urban, suburban and 79 remote environments (Zhang et 87 and/or seasons. Such source apportionment has the potential to assess the efficiency of air 88 pollution mitigation by current emission control strategies. 89 Based on better suited for long-term monitoring applications due to lower cost and 90 easier maintenance than AMS, an aerosol chemical speciation monitor (ACSM) has been 91 designed to provide continuous measurements of the main non-refractory chemical species 92 within submicron aerosols (Ng et al., 2011b) . As for the AMS, OA mass spectra obtained by 93 the ACSM can be used in PMF analysis for quantification of OA sources (e.g., Sun The longest ACSM timeseries recorded so far (from end of 2011 onwards) is used here 100 to investigate OA sources at a regional background site of the Paris region (France), which is 101 one of the largest urbanized regions in Europe. It has already been demonstrated that OA 102 plays a dominant role in controlling atmospheric pollution in this region (Bressi et al., 2013;  InfraStructure (ACTRIS, www.actris.eu) (e.g., Pandolfi et al., 2018) . It is located 25 km 126 southwest of Paris city center and is considered as representative of the background air quality 127 of the Paris region (Haeffelin et al., 2005; Petit et al., 2015) . More information about the 128 environmental condition features of the sampling site area has been given in the introduction 129 (paragraph 5) above. 130 Major submicron aerosol chemical species i.e., OA, nitrate, sulfate, ammonium, and 131 chloride, were measured using a quadrupole ACSM. These measurements were performed 132 continuously, always using the same instrument. Over the whole investigated period, the data 133 capture was of about 87%, and missing data is corresponding to two field campaigns 
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For these calculations, eBCff and eBCwb were associated with absorption Angström exponents 172 -in the wavelength range 470-950 nm -of 0.9 and 1.7, respectively. These values are also in 173 agreement with a recent study by Zotter et al. (2017) . 174 In addition to ACSM and AE33 measurements, co-located off-line analyses were To evaluate the influence of the chosen temporal PMF window (i.e., time duration of 240 data used in ME-2 runs) on the seasonal ME-2 model results, different timeframes (i.e., 15, 30, 241 60, 90 and 120 days) were tested. As shown in Figure S3 (with 2017 winter data as an example), 242 the excellent consistency of those results from different scenarios suggest very limited 243 influence of PMF windows on determining the outputs of ME-2 analyses. To better assess the 244 variations in primary and secondary OA in different seasons over the 6 + -years period and to 245 allow for some degrees of freedom within the model runs, the main OA factors, including both 246 POA factors (HOA and BBOA) and two SOA factors (a less oxidized OOA (LO-OOA) and a more 247 oxidized OOA (MO-OOA)), were calculated as the average of 50 convergent ME-2 runs with a-248 values varying from 0 to 0.4. Moreover, results obtained with an a-value of 0.2 were also 249 compared to these results for sensitivity analyses ( Figure S4 ). The diagnostics of the final OA-250 factor solution are further discussed in section 4.1. therein). This model is designed to quantify biogenic emissions over global and regional scales. 261 The emission rate ( ) is estimated by an exponential curve function (Eq. 1), which is describing 262 the relation between terpene and leaf T. As we assumed changes in leaf T as same as 263 ambient T, which could then result in part of uncertainties for the model calculation. In The multi-year trends of monthly mean OA factors and total OA, as well as other chemical 287 components (including eBCwb, eBCff, nitrate, sulfate and total PM1) were analyzed using the 288 Mann-Kendall (MK) trend test (Mann, 1945) . The trend slope was calculated using Theil-Sen 289 estimator (Sen, 1968 seasonal MK test was then applied for the data with significant seasonality. In addition, to 299 further compare the differences between the MK test and the seasonal MK test in our trend 300 analysis, both methods have been applied for all data sets (see Table S1 ). The trend 301 computation was performed here using a R trend package (Pohlert, 2018) . where i stands for the latitude and j for the longitude, is related to observed concentrations 312 that are higher than a threshold value, which is defined by Eq. (3):
where mij is the total number of selected trajectory endpoints (i, j) associated with receptor 315 concentrations of PMF factors higher than the threshold value, and nij is the total number of 316 back trajectory endpoints at each grid cell (i, j). The 75 th percentile of each OA factors during 317 the entire study was used as the threshold value to calculate mij. To reduce uncertainty caused 318 by small nij values for the PSCF modelling, an arbitrary weighting function (wij) was applied 319 (Waked et al., 2014) . To minimize the influence of some trajectories on the possible pathways 320 of air mass transport, observed data points associated with low wind speed conditions (WS < 321 4 m s -1 ) were filtered out. In addition, observed data points at SIRTA during the period with 322 any hourly precipitation events (precipitation > 0 mm) were removed to reduce influence of 323 wet deposition on ambient aerosol concentrations. Figure S7 ). The distribution of the estimated COA signals is centered at about 0, 358 as indicated by the result of Figure S7 . This could be probably explained by very little pure 359 cooking influence that could not be quantified by the lower resolution quadrupole ACSM than 360 AMS, which is logically in agreement with negligible cooking source at the sampling site area 361 nearby. Altogether, it could then be concluded that the constrained COA-like aerosols at SIRTA 362 were primarily linked with wood burning emissions, while pure cooking aerosols were 363 probably present in too low loadings to be properly quantified within the present study. This 364 assumption is consistent with conclusions drawn by other studies performed at SIRTA, e.g., 365 based on an online (ACSM) dataset (Petit et al., 2014 ) and a combining PMF method using 366 online (ACSM) and offline (4-h filter sampling) datasets (Srivastava et al., 2019) , as well as 367 other studies showing that the COA factor could not be solely attributed to cooking aerosols 368 (e.g., Freutel et al., 2013 , Dall'Osto et al., 2015 . 369 Therefore, the 4-factor solution, including two constrained POA factors (BBOA and 370 HOA) and two unconstrained factors, was chosen here as the "best estimate" for the PMF 371 runs performed over the long-term dataset. A total of 25 seasonal and individual PMF analyses 372 were then conducted using a similar procedure. The seasonal OOA factor mass spectra are 373 presented in Figure S8 , showing high seasonal consistency for each OA factor. Moreover, as 374 shown in Figure S9 , the distribution of residuals derived from the these 4-factor solution ME-375 2 runs was sharply centered at around 0, suggesting insignificance of possible unresolved OA 376 factor(s). The correlations of OA factors with their tracers were examined to globally evaluate 377 the 4-factor PMF solution (see Figures S10 and S11). As shown in Figure S10a , HOA is 378 correlated well (r 2 =0.54) with NOx, a common tracer of primary combustion sources (e.g., 379 traffic emissions). While HOA shows a relatively weaker correlation (r 2 =0.33) with eBCff ( Figure   380 S10b), this could be explained by two possible reasons, i) uncertainties of Aethalometer model 381 which however could not be evaluated by the present study, and ii) the HOA factor here could 382 not be reprehensive for pure fossil-fuel combustion POA. BBOA presents an overall good 383 correlation (r 2 =0.50) with eBCwb ( Figure S10c ), suggesting important influence of wood 384 burning emissions on this factor production. Based on the filter-based dataset, primary OC 385 (POC) and secondary OC (SOC) were calculated using a method of OC-to-EC mass ratio (see 386 Figure S11 ). Overall, POA (sum of HOA and BBOA) versus POC (r 2 =0.47) and SOA (sum of OOA and MO-OOA) versus SOC (r 2 =0.38) have acceptable correlations during the entire filter 388 measurement period. Thus, all of these comparison results could additionally support our 389 "best estimation" for selecting such 4-factor PMF solution across the entire period. Figure S14 . In particular, BBOA shows an evident peak at evening/nighttime in winter, spring, 495 and fall, while it presents a stable diel cycle during summertime. The highest seasonally- Figure S14 ). In order to minimize the effect of atmospheric dilution and regional transport, 506 the mass concentration of MO-OOA was normalized to sulfate, the latter one being considered 507 as a regional secondary production marker (Petit et al., 2015 and Figure S15 ). As shown in 508 Figure OOA displays evident increase from early afternoon to evening ( Figure S14 ), suggesting 527 significant local photochemical production of SOA particles in summer with higher T and 528 increased solar radiation (Petit et al., 2015) . As a matter of fact, MO-OOA presents high 529 concentrations under high T (> 25 ˚C) and low RH (< 65%) summertime conditions ( Figure S16 ). 530 In conclusion, and despite relatively constant mass spectra all over the year, MO-OOA appears 531 to originate from various seasonal-dependent formation pathways and sources (such as 532 biomass burning and biogenic sources), that should still be investigated in more detail. 533 The LO-OOA mass spectra with high f43 / f44 ratios are frequently observed in spring, 534 summer and fall, whereas a lower ratio is obtained for winter ( Figure S8 (Figure 5d ) and shows a statistically significant seasonality (p < 0.001) with higher 538 concentrations during warm months and lower during cold months. As discussed above, the 539 high summertime LO-OOA concentrations are assessed to be mainly linked with BSOA 540 formation. As presented in Figure S16 , T-RH dependence of the LO-OOA factor is very different 541 according to the season. In particular, the highest wintertime LO-OOA concentrations are 542 mainly observed at low T and high RH conditions, suggesting that gas-particle partitioning may 543 play an important role in LO-OOA formation during this season. As shown in Figure 6b linking to western wind sectors in winter, which may imply more intense biomass burning 657 from larger scales during colder months. As discussed above, HOA is a mixed factor with 658 biomass burning aerosols during wintertime, which therefore presents a similar wind-659 dependent pattern as BBOA (Figure 9c ). In spring, summer and fall, HOA presents a distinct 660 pattern with high concentrations associated with northeastern wind sectors from urban area 661 of Paris, suggesting that the short-range transports from the urban Paris area may strongly 662 impact the HOA concentrations at SIRTA. 663 Figure 10 shows maps of the most probable geographic origins of the two OOA factors 664 for each season based on PSCF analysis. In winter, MO-OOA presents high PSCF values over 665 the Benelux, Germany and Poland, showing a major influence of long-range transport of OA 666 from northeastern sectors. Those results may suggest more intense SOA production and aging 667 processes at regional scale for continental air masses. As a matter of fact, MO-OOA shows 668 wider potential source regions than LO-OOA, which is assessed as fresh SOA and could be 669 mainly formed at more local scale in winter. Moreover, the impact of transport from 670 northeastern regionshosting intense anthropogenic activities (e.g., industries) -onto MO-671 OOA concentrations may also support a significant anthropogenic origin for this aged SOA 672 factor. 673 As shown in Figure 10c Therefore, mitigation of VOCs emissions at the regional scale could help to reduce the 677 substantial influence of OA on PM limit value exceedances during this season. Narrower 678 distribution of potential source regions was observed in summer and fall, compared to winter 679 and spring. MO-OOA presents potential source regions mainly from the northeast in summer 680 (Figure 10e) , while it has a high potential source region originating from the south in fall 681 (Figure 10g ). 682 All these results indicated that significant reduction of the SOA burden in the Paris 683 region does not only require the limitation of local source emissions, but also needs a 684 synergistic control strategy for the regional sources, especially from northeastern European 685 regions. In this respect, they confirmed conclusions reached by previous short-term Petäjä, T., Poulain, L., Saarikoski, S., Sellegri, K., Swietlicki, E., Tiitta, P., Worsnop, D. R., 856 Baltensperger, U., and Prévôt, A. S. H.: Organic aerosol components derived from 25 AMS data 857 sets across Europe using a consistent ME-2 based source apportionment approach, Atmos. 858
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